phox and p67 phox with flavocytochrome b 558 at the membrane is crucial for activating the leukocyte NADPH oxidase that generates superoxide for microbial killing. p47 phox and p67 phox are linked via a highaffinity, tail-to-tail interaction involving a proline-rich region (PRR) and a C-terminal SH3 domain (SH3b), respectively, in their C-termini. This interaction mediates p67 phox translocation in neutrophils, but is not required for oxidase activity in model systems. Here we examined phagocytosis-induced NADPH oxidase assembly, showing the sequential recruitment of YFP-tagged p67 phox to the phagosomal cup, and, after phagosome internalization, a probe for PI(3)P followed by a YFP-tagged fragment derived from the p47 phox PRR. This fragment was recruited in a flavocytochrome b 558 -dependent, p67 phox -specific, and PI(3)P-independent manner. These findings indicate that p47PRR fragment probes the status of the p67 phox SH3b domain and suggest that the p47 phox /p67 phox tail-to-tail interaction is disrupted after oxidase assembly such that the p67 phox -SH3b domain becomes accessible. Superoxide generation was sustained within phagosomes, indicating that this change does not correlate with loss of enzyme activity. This study defines a sequence of events during phagocytosis-induced NADPH oxidase assembly and provides experimental evidence that intermolecular interactions within this complex are dynamic and modulated after assembly on phagosomes.
INTRODUCTION
The superoxide-generating NADPH oxidase of phagocytic leukocytes plays an important role in innate host defense (Vignais, 2002; Dinauer, 2003) . This enzyme consists of a membrane-bound flavocytochrome b 558 , the cytosolic subunits p47 phox , p67 phox , and p40 phox (phox for phagocytic oxidase), and the small GTPase Rac2 (Vignais, 2002; Nauseef, 2004; Groemping and Rittinger, 2005) . Flavocytochrome b 558 is the redox center of the enzyme and is composed of two integral membrane proteins, p22 phox and gp91 phox . Upon cellular activation, p47 phox , p67 phox , p40 phox , and Rac2 translocate from the cytosol to flavocytochrome b 558 , activating electron transfer from NADPH to O 2 (Vignais, 2002; Groemping and Rittinger, 2005) . Genetic defects leading to absence or dysfunction of flavocytochrome b 558 , p47 phox or p67 phox result in chronic granulomatous disease (CGD), an inherited immunodeficiency characterized by loss of NADPH oxidase activity, recurrent bacterial and fungal infections, and abnormal inflammatory responses (Dinauer, 2003) . The cytosolic phox subunits contain modular domains for protein and lipid binding that mediate key steps in the assembly and activation of the NADPH oxidase complex (see Figure 1A ). The p47 phox subunit plays a crucial role in organizing oxidase assembly. p47 phox contains a PX (Phox homology) domain at its N-terminus, followed by two tandemly arranged Src homology 3 (SH3) domains that target a proline-rich region (PRR) in the p22 phox subunit of flavocytochrome b, an auto-inhibitory region (AIR) that masks the SH3 domains in the resting state, and, at its C-terminus, a PRR that binds with high affinity to the C-terminal SH3b domain of p67 phox (Finan et al., 1994; Leto et al., 1994; Leusen et al., 1995; de Mendez et al., 1996; Morozov et al., 1998; Vignais, 2002; Nauseef, 2004; Groemping and Rittinger, 2005; Mizuki et al., 2005) . In addition to the SH3b domain, the p67 phox subunit contains an N-terminal tetratricopeptide repeat (TPR) region that is a target of Rac-GTP in the assembled oxidase complex, an activation domain that regulates electron transfer through the flavocytochrome b, a second SH3 domain of uncertain function, and a PB1 (Phox and Bem1) motif that binds to a complementary PB1 domain in p40 phox ( Figure 1A ; Ito et al., 2001; Vignais, 2002; Nauseef, 2004; Groemping and Rittinger, 2005) . The role of the p40 phox This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08 -06 -0620) on January 7, 2009. subunit has been poorly understood, and mutations in its corresponding gene are not a cause of CGD. However, recent studies showed that p40 phox stimulates phagocytosis-induced NADPH oxidase activity via PI(3)P (phosphatidylinositol 3-phosphate), a phosphoinositide that accumulates on internalized phagosomes and binds to a PX domain at the p40 phox Nterminus (Ellson et al., 2006a, b; Suh et al., 2006; Tian et al., 2008) .
In unstimulated neutrophils, the three cytosolic phox proteins can be isolated from neutrophils as a heterotrimeric complex with a 1:1:1 stoichiometry, which is formed by the "tail-to-tail" SH3b-PRR association between p67 phox and p47 phox , and the PB1-PB1 interaction between p67 phox and p40 phox ( Figure 1A ; Lapouge et al., 2002; Groemping and Rittinger, 2005) . A recent study suggested that although p67 phox and p40 phox are associated constitutively in unstimulated neutrophils, the tail-to-tail interaction between p67 phox and p47
phox is formed as an early event in neutrophil activation (Brown et al., 2003) . Translocation of the heterotrimeric complex to flavocytochrome b is driven by activationinduced serine phosphorylation of the p47 phox AIR, resulting in unmasking of the tandem SH3 domains in p47 phox for binding to p22
phox Sumimoto et al., 1996; Groemping et al., 2003) . The interaction between p47 phox and p22 phox is essential for the recruitment of the p47 phox / p67 phox /p40 phox complex to the flavocytochrome b (el Benna et al., 1994; Fontayne et al., 2002; Vignais, 2002; Nauseef, 2004; Groemping and Rittinger, 2005) . Evidence for this is provided by the observation that neither p67 phox nor p40 phox are able to firmly translocate to membranes in chronic granulomatous disease neutrophils lacking flavocytochrome b or p47 phox (Heyworth et al., 1991; Dusi et al., 1996; Allen et al., 1999) or when there are mutations in the proline-rich region of p22
phox that disrupt binding to p47 phox (Nauseef, 2004; Groemping and Rittinger, 2005) . Of interest, C-terminal truncations of p67 phox , which lack the SH3b domain and therefore lack the tail-to-tail interaction with p47 phox , are active in cell-free systems and in whole cells exhibit spontaneous translocation and support partial NADPH oxidase activity Leusen et al., 1995; de Mendez et al., 1996; Hata et al., 1998; Arias et al., 2004) . Taken together, these observations suggest that although the tailto-tail association between p47 phox and p67 phox plays a crucial role in organizing oxidase assembly under physiological conditions, this association may not be required for NADPH oxidase activity after assembly of the holoenzyme.
Although much has been learned about the interactions between different NADPH oxidase subunits that contribute to formation of the enzyme complex, relatively little is known about whether these undergo subsequent alteration after enzyme assembly. Imaging of fluorescently tagged proteins is a useful modality for analyzing temporal and spatial events during phagocytosis, which we applied in this study to investigate the dynamics of NADPH oxidase assembly and the p47 phox /p67 phox tail-to-tail interaction. We developed a yellow fluorescent protein (YFP)-tagged probe derived from the C-terminal PRR of p47 phox and monitored its cellular location by confocal videomicroscopy in neutrophildifferentiated PLB-985 cells stimulated with IgG-opsonized zymosan (IgG-Zym). We observed that YFP-p47PRR accumulated on internalized IgG-Zym phagosomes in a flavocytochrome b 558 -dependent and p67
phox -specific manner after, although independent of, the accumulation of PI(3)P. This result indicates that the tail-to-tail association between p47 phox and p67 phox must be disrupted after membrane translocation in order to allow p47PRR access to the p67 phox SH3b domain. Thus, the fluorescence-tagged p47PRR fragment acts as a probe that reveals changes in the interaction between two regulatory NADPH oxidase subunits after enzyme assembly on the phagosome.
MATERIALS AND METHODS

Reagents and Antibodies
Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. PBS, pH 7.2, penicillin/streptomycin, neomycin, trypsin/ EDTA, Lipofectamine Plus reagent, DMEM with low glucose, and RPMI 1640 were from Invitrogen Invitrogen (Carlsbad, CA), and bovine growth serum and FCS were from Hyclone Laboratory (Logan, UT). Glutathione-Sepharose-4B was purchased from Amersham Biosciences (Piscataway, NJ). Fc OxyBURST Green (F2902) was purchased from Invitrogen. G418 from Calbiochem (San Diego, CA) and ECL detection kit from Pierce (Rockford, IL). Polyclonal antibody against green fluorescent protein (GFP) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal antibody against p40 phox was from Upstate Biotechnology (Lake Placid, NY), and monoclonal antibodies against p67 phox and p47 phox , respectively, was from BD Biosciences (Franklin Lakes, NJ).
Plasmid Constructions
The DNA fragment encoding p47PRR (355-390 amino acids of p47 phox ) was amplified from pRK5-p47 phox (gift from Dr. Lambeth, Emory University Medical School, Atlanta, GA) by PCR and cloned into EcoRI and KpnI sites of pEYFP-C1 (BD Biosciences Clontech, San Diego, CA) to generate pEYFPp47PRR. Site-directed mutagenesis of p47PRR was performed in pEYFPp47PRR using the QuikChange Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA). The p47PRR cDNA with flanking EcoRI and KpnI restriction sites was ligated to the mCherry cDNA (Shaner et al., 2004 ; gift from R. Tsien, University of California at San Diego) by insertion into a pEYFP-C1-based plasmid (gift from J. Swanson, University of Michigan) in which the EYFP cDNA had been replaced with that of mCherry. Flanking HpaI and ClaI restriction sites were placed on the YFP-p47PRR cDNA by PCR for ligation into the pMSCVpuro vector (BD Clontech), in which the puromycin resistance cassette was removed. YFP-tagged p40PX cDNA was digested with AgeI from pEYFP-p40PX, (Suh et al., 2006) blunted, digested with EcoRI, and subcloned into the HpaI and EcoRI sites of pMSCVpuro, and the puromycin resistance cassette was then removed by digesting with EcoRI and ClaI, blunting, and relegating. A cDNA encoding the p40 phox PX domain with flanking EcoRI and KpnI restriction sites was generated by PCR from the pEYFP-C1 plasmid containing YFP-p40PX, which was ligated to the mCherry plasmid derived from pEYFP-C1 described above. The pMSCV-mCherryp40PX plasmid was obtained by using the same strategy as for the generation of pMSCV-YFPp40PX. All the constructs were confirmed by sequencing.
Cells
COS-7 cells were grown in low-glucose DMEM with 10% bovine growth serum at 37°C under 5% CO 2 . (Price et al., 2002; Suh et al., 2006) . Lipofectamine Plus reagent (Invitrogen) was used to transiently transfect 4 g plasmid DNA per 100-mm plate of COS-7 cells. Cells were generally analyzed 24 h after transfection (Price et al., 2002; Ming et al., 2007) .
Human PLB-985 myelomonocytic cells or X-CGD PLB-985 cells with a targeted disruption of the gp91 phox gene were cultured as described previously (Zhen et al., 1993; Li et al., 2005) . Amaxa kit V (Amaxa Biosystems, Cologne, Germany) was used to transfect plasmids according to the manufacturer's instructions. Briefly, 2 ϫ 10 6 PLB-985 cells were resuspended in 100 l Amaxa solution V, followed by adding 2 g pEYFP-p47PRR or pEYFPp47PRR mutant, and electroporated using the Amaxa program C-23 (Amaxa Biosystems). Clones were selected by limiting dilution in the presence of 1.5 mg/ml G418 for 3-4 wk . YFP-positive clones were identified by flow cytometry and maintained in 0.5 mg/ml G418. PLB-985 cells with stable expression of p67 phox -YFP, or YFP-p40PX, or mCherry-p40PX were generated by retroviral transduction with VSVG-pseudotyped MSCV-p67 phox -YFP, MSCV-YFP-p40PX, or MSCV-mCherry-p40PX packaged using the Pantropic Retroviral Expression System (BD Clontech; Suh et al., 2006) . X-CGD PLB-985 cells with stable expression of p67 phox -YFP or YFP-p47PRR were generated by retroviral transduction with VSVG-pseudotyped MSCV-p67 phox -YFP or MSCV-YFP-p47PRR. After transduction, YFP-positive cells were isolated by cell sorting (FACSCalibur, Becton Dickinson, San Diego, CA). PLB-985 cells expressing either p67
phox -YFP or YFP-p47PRR were transduced with pMSCVmCherry-p40PX and selected for mCherry expression using PE-Texas Red laser (BD FACSAria, Becton Dickinson). For neutrophil differentiation, PLB-985 cells were cultured in 0.5% dimethylformamide (DMF) for 5-6 d (Zhen et al., 1993; Li et al., 2005) .
Glutathione S-transferase-p67
phox Fusion Protein-binding Assay
In vitro binding assays were performed as described previously with little modification (Ming et al., 2007) . Ten micrograms cell lysate from transiently transfected COS-7 cells was incubated with 0.1 nmol of immobilized gluta- thione S-transferase (GST)-p67 phox in binding buffer (50 mM Tris-HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, 2 mM EDTA, 20 g/ml chymostatin, 2 mM phenylmethylsulfonyl fluoride [PMSF] , 10 M leupeptin, and 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride [AEBSF]; Ming et al., 2007) for 60 min at 4°C with end-to-end rotation. After incubation, the glutathione-Sepharose beads were extensively washing with binding buffer, and bound proteins were subjected to SDS-PAGE and detected by immunoblotting with anti-GFP polyclonal Ab, which also recognizes YFP, and visualized with ECL detection as previously described (Price et al., 2002; Suh et al., 2006) .
Preparation of IgG-opsonized Zymosan
Zymosan (zymosan A from Saccharomyces cerevisiae, Sigma, Z-4250) was opsonized with zymosan A Bioparticles opsonizing reagent (Molecular Probes, Eugene, OR; Z-2850, Invitrogen), which is rabbit polyclonal IgG antibody specific for the zymosan particles, according to the manufacturer's instructions with slight modification. Briefly, zymosan A particles were resuspended in 0.9% NaCl at the concentration of 20 mg/ml and heated at 100°C for 15 min. After extensively washing with PBS, zymosan particles were sonicated three times for 5 s to disperse aggregates. Zymosan A particles were then opsonized with zymosan A Bioparticles opsonizing reagent at 37°C with end-to-end rotation for 60 min, followed by extensive washing and sonication. IgG-Zym particles were resuspended in PBS at 20 mg/ml and stored at Ϫ20°C until using. In some studies (immunostaining of p47 phox , diphenylene iodonium [DPI] inhibitor studies), human IgG was used to opsonize zymosan.
Immunoblotting and Densitometry Analysis of phox Subunit Expression
Neutrophil-differentiated PLB-985 cell lysates were prepared for electrophoresis and Western blots performed as described previously (Zhen et al., 1993; Price et al., 2002; Li et al., 2005; Suh et al., 2006; Ming et al., 2007) . Image J (NIH, free software; http://rsb.info.nih.gov/ij/) was used for densitometry analysis.
Activation of the NADPH Oxidase in Intact Cells
Superoxide production was measured by chemiluminescence as described previously (Dahlgren and Karlsson, 1999; Li et al., 2002; Ming et al., 2007) . Briefly, 5 ϫ 10 5 neutrophil-differentiated PLB-985 cells in PBSG (PBS plus 0.9 mM CaCl 2 , 0.5 mM MgCl 2 , and 20 mM dextrose) in the presence of 20 M isoluminol and 20 U/ml horseradish peroxidase were prewarmed 10 min at 37°C, and NADPH oxidase activity was initiated by adding 300 ng/ml phorbol 12-myristate acetate (PMA). Luminescence was recorded every 1 min for a total of 30 min at 37°C using an Lmax microplate luminometer (Molecular Devices, Sunnyvale, CA). A similar protocol was used to detect O 2 Ϫ production in phagosomes after IgG-Zym (400 g/ml) activation in the presence of 20 M luminol, 75 g/ml superoxide dismutase (SOD), and 2000 U/ml catalase (Dahlgren and Karlsson, 1999) with cells monitored for 60 min. In some experiments, PLB-985 granulocytes expressing p67 phox -YFP or YFPp47PRR were pretreated with 10 M DPI at 37°C for 15 min, before NADPH oxidase assays. A synchronized phagocytosis assay was used for IgG-Zyminduced NADPH oxidase activity assays (Tian et al., 2008) .
Intracellular O 2 Ϫ production in cells stimulated with Fc OxyBURST Green (Molecular Probes) was measured in a luminol-based chemiluminescence assay modified from a synchronized phagocytosis assay (Greenberg et al., 1990; DeLeo et al., 1999) . Briefly, 5 ϫ 10 5 neutrophil-differentiated PLB-985-mCherry-p40PX cells in 200 l PBSG were added to wells of a 96-well plate, and incubated for 5 min on ice, and then 25 l cold Fc OxyBURST Green particles was added to the cells. The cells and particles were spun down at 1200 rpm for 5 min at 4°C, the PBSG was removed carefully from the wells, and the chemiluminescence assay was initiated by adding prewarmed PBGS containing 20 M luminol in the presence or absence of 75 g/ml SOD and 2000 U/ml catalase (Dahlgren and Karlsson, 1999) . Phagosomal NADPH oxidase activity during nonsynchronized phagocytosis of Fc OxyBURST Green was also measured using the same protocol as described above for IgG-Zym induced NADPH oxidase activity.
RNA Interference (p40
phox Knockdown Assay)
The short-hairpin (sh) RNA primer (5Ј-GATCCGGGCATCTTCCCTCTCTC-CTTCGTGAATTCAAGAGATTCACGAAGGAGAGAGGGAAGATGCCCTT-TTTG-3Ј) against the human p40 phox coding sequence ( 684 GGGCATCTTC-CCTCTCTCCTTCGTGAA 711 ) was designed using Integrated DNA Technologies online program (Coralville, IA; Tian et al., 2008) . shRNA was subcloned into pSuper.neo vector (the pSuper RNAi system, OligoEngine, Seattle, WA) using BglII/HindIII sites. The construct was confirmed by sequencing. For p40 phox knockdown, 2 ϫ 10 6 WT PLB-985 cells, resuspended in 100 l of solution V (Amaxa Biosystems), were transfected with 2 g pSuper.neo encoding shRNA using the C-23 program (Amaxa Biosystems). Positive clones were selected by limiting dilution in the presence of 1.8 mg/ml G418. After selection, positive clones were differentiated with 0.5% DMF and tested by Western blotting using anti-p40 phox polyclonal Ab (07-503, Upstate Biotechnology). A clone with p40 phox -knockdown was transduced with pMSCV-YFP-p47PRR and sorted for YFP expression using a FACSCalibur (Becton Dickinson).
Living Image by Confocal Videomicroscopy
A spinning-disk (CSU10) confocal system mounted on a Nikon TE-2000U inverted microscope (Melville, NY) with an Ixon air-cooled EMCCD camera (Andor Technology, South Windsor, CT) and a Nikon Plan Apo 100ϫ 1.4 NA. objective was used to film phagocytosis in living PLB-985 neutrophils in real time. Neutrophil differentiated PLB-985 cells, 5 ϫ 10 5 , in 150 l PBSG (Price et al., 2002; Suh et al., 2006) were loaded onto a 35-mm glass-bottom microwell dish (MatTek Cultureware, Ashland, MA; Gamma irradiated, TK0275), which was mounted on the microscope and maintained at 37°C using a stage incubator (Warner Instruments, Hamden, CT). Cells were allowed to adhere for 5 min before 5 l IgG-Zym particles (20 mg/ml) was added, followed by filming. In some experiments, PLB-985 granulocytes expressing p67
phox -YFP or YFP-p47PRR were pretreated with 10 M DPI or 100 nM wortmannin at 37°C for 15 min, before the phagocytosis assay. Supplementary Movies were made over a Ϸ30-min interval after addition of the IgG-Zym. Live images were collected in a single confocal plane (1 m) with 488-and/or 568-nm excitation and 0.3-s exposure with a time lapse of 10 s. A field of cells was typically filmed for a 5-8 min period, after which time for phagosomes often moved into different focal plane. All images were analyzed with Metamorph software (Universal Imaging, Downingtown, PA). Each type of experiment was performed on at least three independent occasions.
Image J (NIH) was used to analyze the accumulation of fluorescent probes on phagosomes relative to their cytoplasmic distribution. An area of the phagosome rim (Ϸ20% of the total rim) was outlined by hand, the mean fluorescence intensity within the area was determined, and ratios were determined against the value from a corresponding area in the cytoplasm close to the phagosome. For each probe analyzed, 5-10 phagosomes for PLB-985 neutrophils monitored at each stage-cup, closure (time of sealing), and postinternalization (150 -250 s)-were analyzed with this method, and the mean Ϯ SEM was determined. To analyze the kinetics of probe accumulation, the time to the first appearance of YFP-tagged proteins on the phagosome membrane, relative to the time of phagosome closure, was determined for 18 YFP-positive phagosomes in cells expressing p67
phox -YFP, YFP-p40PX, or YFP-p47PRR. Images were collected in at least four independent experiments for each cell line. Statistical analysis was used to determine the difference between groups.
Immunofluorescence Microscopy
Immunostaining of endogenous p47 phox was performed after synchronized phagocytosis. Briefly, 2.5 ϫ 10 6 neutrophil-differentiated PLB-985-p67 phox -YFP or X-CGD PLB-985-p67
phox -YFP cells in 2 ml PBSG were added to coverslipbottomed dishes (MatTek Cultureware) and incubated for 5 min on ice before adding 30 l IgG opsonized zymosan (20 mg/ml). The cells and particles were spun down at 1200 rpm for 5 min at 4°C and then incubated at 37°C for 13 min. Phagocytosis was stopped by putting the cells on ice, which were then washed with cold PBS, fixed with 4% paraformaldehyde for 10 min at room temperature, permeabilized with 0.1% Triton X-100 in PBS, blocked with 10% goat serum plus 2% bovine serum albumin (BSA) in PBS, and immunostained with anti-p47 phox followed by Alexa-555 goat anti-mouse IgG1. Cells were imaged on a spinning-disk (CSU10) confocal system mounted on a Nikon TE-2000U inverted microscope with an Ixon air-cooled EMCCD camera (Andor Technology) and a Nikon Plan Apo 100ϫ 1.4 NA. objective. Images shown are representative of at least three independent experiments.
Imaging of Phagocytosis-induced NADPH Oxidase Activity Using Nitroblue Tetrazolium and Fc OxyBURST Green
NADPH oxidase activity in phagosomes was visualized during videomicroscopy using nitroblue tetrazolium (NBT). To facilitate the identification of IgG-Zym particles that were ingested, PLB-985 neutrophils expressing fluorescently tagged p67 phox or p47PRR were used. Briefly, 5 ϫ 10 5 PLB-985 neutrophils expressing fluorescently tagged p67 phox or p47PRR in PBSG containing 20% of a saturated NBT solution were incubated at 37°C for 5 min in a 35-mm glass-bottom microwell dish before 5 l IgG-Zym particles (20 mg/ml) was added. Phagocytosis was recorded on a spinning disk confocal system as above. Brightfield was used to observe the dark purple formazan deposits (Suh et al., 2006) .
Visualization of NADPH oxidase activity during phagocytosis was also performed using Fc OxyBURST Green (Ryan et al., 1990) , which fluoresces in the presence of H 2 O 2 . Briefly, 5 ϫ 10 5 neutrophil-differentiated PLB-985-mCherryp40PX cells in 150 l PBSG were loaded in a 35-mm glass-bottom microwell dish and incubated for 5 min at 37°C. Twenty-five microliters Fc OxyBURST Green particles (3 mg/ml) was washed with PBS and resuspended in 25 l PBSG before adding to the cells. Phagocytosis was recorded on a spinning disk confocal system as previously described. The intensity of dichlorofluorescein (DCF) fluorescence within the phagosome was considered as 1 at the time at which mCherry-p40PX first appeared on internalized phagosomes. Image J software was used to analyze the intensity of phagosomal DCF fluorescence at different time points after the accumulation of mCherry.
RESULTS
In Vitro Interaction of Fluorescently Tagged C-Terminal Fragment of p47
phox with Full-Length p67 phox To investigate the stability of the p67 phox /p47 phox tail-to-tail interaction, we designed a YFP-tagged probe derived from the C-terminus of p47 phox (amino acids 355-390; Figure 1A ), referred to as YFP-p47PRR, which should detect the SH3b domain of p67 phox . In initial experiments, we examined whether YFP-p47PRR could bind to full-length GST-tagged p67
phox . In parallel, we evaluated a series of YFP-p47PRR mutants to assess specificity for the SH3b domain of p67 phox . On the basis of work done by several groups showing that both the PRR (residues 360 -369) and an "extra-PRR" region (residues 370 -390) are important for the high-affinity tail-totail interaction between p67 phox and p47 phox (Kami et al., 2002; Groemping and Rittinger, 2005; Massenet et al., 2005; Mizuki et al., 2005) , we focused on prolines at positions 363 and 366, which are components of the core PxxP motif, arginine 368, and two lysines at positions 383 and 385 in the extra-PRR region (numbered according to the location in full-length of p47 phox ; Figure 1A ). COS-7 cell-expressed YFP-p47PRR could be pulled down by GST-tagged p67 phox ( Figure 1B ), similar to full-length untagged p47 phox (not shown). As expected, YFP did not bind to phox (Figure 1 , B-D), and GST alone was unable to bind to YFPp47PRR (not shown). Figure 1D is a summary of three independent assays in which the relative level of bound YFP-p47PRR or mutant derivatives was normalized to expression in the corresponding cell lysate. A P366A mutation in YFP-p47PRR was sufficient to induce a substantial decrease in binding to phox , with similar results obtained for any of the derivatives harboring this or the other core PxxP mutation, P363A/P366A (Figure 1 , B and D), confirming previous studies (de Mendez et al., 1996; Hata et al., 1997; Kami et al., 2002; Groemping and Rittinger, 2005; Massenet et al., 2005; Mizuki et al., 2005) . A double K383E/ K385E mutation in the extra-PRR region had less effect on binding to phox , whereas a R368A-K383E/K385E mutant had almost complete loss of interaction in this assay ( Figure 1 , B and D), consistent with the important contribution of Arg368 in binding to the p67 phox SH3b domain (Kami et al., 2002) . Thus, YFP-p47PRR exhibits binding to fulllength p67 phox in vitro and mutagenesis studies provide support that the SH3b domain of p67 phox is the target of YFP-p47PRR in this assay.
Generation of Transgenic PLB-985 Cells Expressing YFP-tagged phox Proteins
To examine the behavior of YFP-PRR during phagocytosis, we generated PLB-985 myelomonocytic cells with stable expression of YFP-p47PRR, and, for comparison, YFP alone, YFP-p47PRR-P366A, YFP-p47PRR-K383E/K385E, p67 phox -YFP, or YFP-p40PX, a YFP-tagged protein derived from the PX domain of p40 phox that is a sensitive probe for PI(3)P. The level of transgenic protein expression was similar in each of these lines, as assessed by flow cytometry (Figure 2A ) and by immunoblot analysis using an anti-GFP polyclonal antibody ( Figure 2B ). We could not compare the expression level of YFP-p47PRR with that of endogenous p47 phox because of the unavailability of an anti-p47 phox antibody with comparable affinity for each. Using an anti-p67 phox mAb, similar expression levels of p67 phox -YFP and endogenous p67 phox were observed in the p67 phox -YFP transgenic PLB-985 cell line (Supplementary Figure S1) , which taken together with Figure 2B , provides indirect evidence that YFP-p47PRR expression was comparable to that of endogenous p67
phox .
NADPH oxidase activity in response to either PMA or IgGZym in neutrophil-differentiated PLB-985 cells expressing YFP-tagged proteins was comparable to activity measured in cells expressing YFP alone and to parental PLB-985 cells (Figure 2 , C and D, and data not shown). Thus, expression of phox -bound YFP-p47PRR and mutant derivatives, relative to the amount present in the lysate, based on densitometry of immunoblots of pulldown samples and cell lysates. The recovery of wild-type YFP-p47PRR considered as 1.0. Assays were performed in triplicate, and mean Ϯ SD are shown. *p Ͻ 0.01.
YFP-p47PRR or its mutants did not interfere with oxidase activity stimulated by either PMA or IgG-Zym.
Localization of Fluorescent Proteins by Time-Lapse Confocal Videomicroscopy during Phagocytosis of IgG-Zym
To investigate the localization of fluorescent proteins during phagocytosis of IgG-Zym by PLB-985 neutrophils, we used live imaging with confocal videomicroscopy. To validate our methodology, we examined YFP and YFP-tagged fulllength p67 phox as a negative and a positive control, respectively. In cells expressing YFP alone, fluorescence was distributed in the cytosol and nucleus, and there was no accumulation around IgG-phagosomes (Figure 3, A and B ; Supplementary Movie S1), similar to observations in RAW 264.7 macrophages (Ueyama et al., 2007) . However, YFPtagged p67 phox , which was cytosolic in resting cells, accumulated on the cup of nascent phagosomes and persisted after sealing, as previously reported van Bruggen et al., 2004) , being visible for at least for 5 min from the first appearance on the cup (Figure 3 , A and B; Supplementary Movie S2). YFP-p40PX, which detects PI(3)P, was distributed in the cytoplasm and on vesicular structures in resting cells. YFP-p40PX was not visible in the phagosomal cup, but accumulated around the phagosome after sealing and internalization ( Figure 3A ; Supplementary Figure S2 and Supplementary Movie S3), consistent with observations in RAW 264.7 macrophages (Ellson et al., 2001; Vieira et al., 2001) . In unstimulated PLB-985 neutrophils, YFP-p47PRR was cytosolic, but also accumulated on phagosomes after sealing and internalization and was detected for at least 5 min after its first appearance (Figure 3, A and B ; Supplementary Movie S4). This observation suggests that the SH3b domain of p67 phox becomes accessible to the YFP-p47PRR probe after phagosome internalization.
We also examined the kinetics of phagosome formation and the accumulation of p67 phox -YFP, YFP-p40PX, and YFPp47PRR in individual phagosomes relative to the time of phagosomal closure (Figure 3 , B and C). The mean time to closure (sealing) from the time the phagosomal cup was first visible was similar for all three transgenic lines: 45 Ϯ 15, 44 Ϯ 10, and 45 Ϯ 22 s (n Ն 4) for p67 phox -YFP, YFP-p40PX, and YFP-p47PRR, respectively. Accumulation of p67 phox -YFP was typically first visible on the phagosomal cup (Ϫ29 Ϯ 32 s before sealing, mean Ϯ SD, n ϭ 18), whereas the accumulation of YFP-p40PX and of YFP-p47PRR was not observed until 33 Ϯ 23 and 61 Ϯ 20 s after closure, respectively ( Figure 3C ). The differences in the mean times at which each YFP-tagged protein was first detected on phagosomes were statistically significant for each pair (p Ͻ 0.01). Thus, these results show that there is sequential recruitment of p67 phox -YFP, YFP-p40PX, and YFP-p47PRR to phagosomes, respectively, and that the appearance of YFP-p47PRR lags that of PI(3)P accumulation.
YFP-p47PRR Translocation Is Flavocytochrome b 558 -dependent and Targets the SH3b Domain of p67 phox
We next performed experiments designed to verify that accumulation of the YFP-p47PRR probe on IgG-Zym phagosomes is dependent on flavocytochrome b 558 , as previously shown for p67 phox van Bruggen et al., 2004) and that YFP-p47PRR accumulation requires intact binding to the SH3b domain of p67 phox . First, X-CGD PLB-985 cells (Zhen et al., 1993) , which lack flavocytochrome b 558 and NADPH oxidase activity, were engineered to express either phox -YFP, YFP-p47PRR, or, as another control, YFPp40PX. The level of expression of each YFP-tagged protein in X-CGD PLB-985 lines was similar to that seen in the wildtype PLB-985-derived lines (data not shown). Neither YFPtagged p67 phox , as expected, nor YFP-p47PRR accumulated on IgG-Zym phagosomes in X-CGD PLB-985 cells ( Figure  3A ; Supplementary Figure S2 and Supplementary Movies S5 and S6). In contrast, YFP-p40PX accumulated on phagosome membranes in X-CGD PLB-985 cells ( Figure 3A ; Supplementary Movie S7), indicating that the presence of PI(3)P on phagosomes is independent of the presence of flavocytochrome b 558 and NADPH oxidase activity. We next examined whether YFP-p47PRR derivatives with mutations in the PRR and/or extra-PRR region were able to accumulate on IgG-Zym phagosomes in neutrophil-differentiated PLB-985 cell lines. Although the P366A and K383E/K385E YFPp47PRR mutants had differential ability to bind to fulllength p67 phox in vitro (Figure 1 ), both mutants failed to accumulate on IgG-Zym phagosomes (Figure 3 , A and B; Supplementary Movies S8 and S9). This result indicates that the core PRR and the extra-PRR region each contribute to the translocation of YFP-p47PRR to phagosomes. Of note, the double K383E/K385E mutation did not have significant effect on binding to p67 phox in vitro, but this mutant failed to translocate to phagosomes. Thus, the in vivo system appears to be more sensitive than in vitro assays where proteins are relatively overexpressed. The additional p47PRR mutants shown in Figure 1 also failed to accumulate on phagosomal membranes (not shown), as expected from the in vitro binding data (Figure 1, B and D) . Taken together, the above studies provide strong support that recruitment of YFPp47PRR to the phagosome is mediated by the SH3b domain of p67 phox .
IgG-Zym Phagosomes in PLB-985 Neutrophils Are Heterogeneous
In the analysis of images collected by videomicroscopy, it was apparent that not all phagosomes accumulated the p67 phox -YFP, YFP-p47PRR, or YFP-p40PX probes and that their presence or absence could be observed even for two phagosomes within the same cell. When analyzing individual phagosomes followed from the time of cup formation for at least 240 s after phagosomal closure, accumulation of the YFP-tagged probe was visible in only 8 of 15 (53%), 6 of 11 (55%), and 6 of 10 (60%) phagosomes in p67 phox -YFP-, YFPp47PRR-, and YFP-p40PX-expressing PLB-985 neutrophils, respectively. Similar results were obtained for the population of phagosomes present 20 min after initiation of the phagocytosis assay, where 100 internalized phagosomes were analyzed in Ն20 fields for each cell line from at least three independent experiments. Only 52 or 53% of internalized phagosomes exhibited accumulation of p67 phox -YFP or YFP-p47PRR, respectively, whereas the PI(3)P probe YFPp40PX was present on 65% of phagosomes. To examine whether translocation of endogenous NADPH oxidase subunits was also heterogeneous, we performed immunolabeling of endogenous p47 phox , because we were unable to identify an anti-p67 phox antibody suitable for immunostaining. Indirect immunofluorescence of PLB-985 granulocytes expressing p67
phox -YFP showed that p47 phox accumulated on some IgG-Zym phagosomes but not others ( Figure 4A ). As expected, p47
phox and p67 phox -YFP did not accumulate on phagosomes in X-CGD PLB-985 granulocytes ( Figure 4B ), confirming that p47 phox and p67 phox membrane translocation is flavocytochrome b 558 -dependent. Importantly, endogenous p47 phox always colocalized with p67 phox -YFP, consistent with the translocation of p47 phox and p67 phox as a unit (Lapouge et al., 2002; Groemping and Rittinger, 2005) , and showing that the heterogeneity observed in p67 phox -YFP accumulation on phagosomes reflects a heterogeneity in accumulation of endogenous NADPH oxidase subunits. NADPH oxidase activity in IgG-Zym phagosomes, detected using NBT staining combined with videomicroscopy, was consistent with this heterogeneity, showing that Ϸ50% of phagosomes were oxidase-positive (Supplementary Figure S3 ).
These observations suggest that IgG-Zym phagosomes in PLB-985 neutrophils are not uniform in their ability to assemble an active oxidase complex or to accumulate PI(3)P. Heterogeneity among phagosomes has been previously recognized and is speculated to reflect variations in the output of signaling networks on individual phagosomes (Griffiths, 2004; Henry et al., 2004) . We took advantage of this heterogeneity to design a series of experiments, described below, to investigate the colocalization of p47PRR with p67 phox , p40
phox , or PI(3)P, using PLB-985 neutrophils coexpressing tagged proteins fluorescing at different wave lengths.
YFP-p47PRR Accumulation on Phagosomes Colocalizes with p67
phox and p40 phox But Does Not Require p40 phox Expression and Is Independent of PI(3)P The p67 phox subunit interacts with p40 phox via a high-affinity PB1 motif interaction ( Figure 1A) . Thus, we anticipated that both p67
phox and p40 phox might be detected on phagosomes that accumulate p47PRR. First, to simultaneously compare the distribution of p47PRR with that of full-length p67 phox or p40 phox , we coexpressed mCherry-tagged p47PRR in PLB-985 cells with either p67
phox -YFP or YFP-p40 phox . mCherryp47PRR expression was comparable in both cell lines and had no effect on NADPH oxidase activity (data not shown). The accumulation of mCherry-tagged p47PRR on IgG-Zym phagosomes always colocalized with that of coexpressed YFP-tagged p67 phox or p40 phox , as evident by the simultaneous presence of green and red fluorescence, with a yellow signal when merged ( Figure 5A ). For example, we analyzed 104 phagosomes in 50 PLB-985 cells coexpressing p67
phox -YFP and mCherry-p47PRR, finding that both probes always colocalized, and 53.8% of phagosomes were double positive, similar to the fraction of positive phagosomes observed in PLB-985 cells expressing either p67
phox -YFP (53%) or YFPp47PRR (55%). Overall, these results are consistent with a 
model in which p67
phox on internalized phagosomal membranes is bound to both the 47PRR probe and to p40 phox .
Simultaneous imaging of probe accumulation on individual phagosomes in cells coexpressing p67
phox -YFP and mCherry-p47PRR showed that p67 phox -YFP accumulated on the phagosome cup Ϸ30 s before closure, before the appearance of the PRR probe, and was retained after internalization ( Figure 5B ; Supplementary Movie S10), similar to PLB-985 neutrophils expressing p67 phox -YFP alone ( Figure 3B ). mCherry-p47PRR appeared Ϸ60 s after phagosome closure ( Figure 5B ; Supplementary Movie S10), similar to YFPp47PRR ( Figure 3B ). The relative intensity of the mCherryp47PRR fluorescent signal on phagosomes is somewhat lower than that observed in YFP-p47PRR, probably related to differences due to the different fluorescent tags.
The p40 phox subunit contains an SH3 domain that is a second potential target of p47PRR, although the affinity of p47PRR for the p40 phox SH3 domain is Ϸ250-fold lower than for the p67 phox SH3b domain Grizot et al., 2001; Lapouge et al., 2002; Massenet et al., 2005) . To exclude that p47PRR membrane recruitment involves the SH3 domain of p40 phox , we expressed YFP-p47PRR in p40 phoxknockdown PLB-985 cells. Western blotting showed that YFP-p47PRR expression in the p40 phox knockdown cells was similar to the wild-type PLB-985 line expressing transgenic p47PRR, whereas p40 phox expression was decreased by 86 Ϯ 5% (n ϭ 3; Figure 5 , C and D). We also observed a modest decrease of 29 Ϯ 16% in p67 phox expression ( Figure 5 , C and D) in p40 phox -deficient cells, similar to the reduced p67 phox levels reported in neutrophils from p40 phox knockout mice (Ellson et al., 2006b) . Despite the marked decrease in p40 phox expression in p40 phox knockdown PLB-985 cells ( Figure 4D ), videomicroscopy showed that YFP-p47PRR accumulated on phagosome membranes after internalization ( Figure 5E ) with a time course similar to the kinetics in PLB-985 cells with normal expression of p40 phox (Figure 3 , B and C). Examination of internalized phagosomes in p40 phox knockdown cells after 20 min of phagocytosis showed that 52% (128/244) were YFP-p47PRR-positive, similar to the frequency observed in PLB-985 expressing YFP-p47PRR (see above). Thus, the colocalization of p47PRR with p67 phox on internalized phagosomes ( Figure 5A ) and the detection of p47PRR translocation in p40 phox knockdown cells ( Figure 5E ) provide further support that this probe targets the SH3b domain of p67 phox .
YFP-p47PRR Accumulation on Phagosomes Is Independent of PI(3)P and NADPH Oxidase Activity
The recruitment of the p40PX domain probe for PI(3)P precedes the accumulation of p47PRR on internalized phagosomes by Ϸ30 s ( Figure 3C ). This temporal relationship suggested that PI(3)P might be involved in the loss of the tail-to-tail interaction between p47 phox and p67 phox . To investigate this, we coexpressed mCherry-tagged p40PX in PLB-985 cells with either p67
phox -YFP or YFP-p47PRR in order to simultaneously examine their recruitment on individual phagosome and also examined the effect of the PI3K inhibitor wortmannin.
In PLB-985 cells coexpressing p67 phox -YFP and mCherryp40PX, we observed colocalization of both probes on many phagosomes, with the former first accumulating in the phagosomal cup and the mCherry-p40PX probe appearing after internalization (Ϸ30 s; Figure 6A , phagosome b and c, and C; Supplementary Movie S11), similar to the time course shown in Figure 3C . However, some phagosomes only had p67
phox -YFP accumulation without mCherry-p40PX translocation ( Figure 6A , phagosome a; Supplementary Figure S4A , phagosome g), other phagosomes accumulated only mCherry-p40PX (Supplementary Figure S4A , phagosome f), and some phagosomes showed no accumulation of either probe (Supplementary Figure S4A , phagosome e). Similar results were seen for cells coexpressing mCherry-p40PX and YFP-p47PRR. These probes accumulated sequentially on IgG-Zym phagosomes at Ϸ30 and Ϸ60 s, respectively, after phagosome closure (Figure 6 , B, phagosome d, and D; Supplementary Movie S12), consistent with kinetic studies in cells expressing a single fluorescent protein ( Figure 3C ). However, some phagosomes had neither mCherry-p40PX nor YFP-p47PRR (Supplementary Figure S4B , phagosome l), even in cells where other phagosomes showed accumulation of both probes (Supplementary Figure S4B , phagosomes h and i). In other phagosomes, membrane translocation of mCherry-p40PX and YFP-p47PRR occurred independently of each other ( Supplementary Figure S4B , phagosomes j and k). Thus, for phagosomes that accumulated either of the NADPH oxidase probes, p67
phox -YFP and YFP-p47PRR, along with the PI(3)P probe, recruitment followed a reproducible sequence. However, other phagosomes accumulated either the NADPH oxidase probe or the PI(3)P probe.
We also evaluated the presence or absence of fluorescent proteins on the population of IgG-Zym phagosomes present after 20 min after initiation of the phagocytosis assay. Three hundred individual phagosomes from at least three independent experiments were analyzed. In PLB-985 neutrophils coexpressing p67
phox -YFP and mCherry-p40PX, 42.3% phagosomes were positive for both probes. There were 11.7% of phagosomes that were only p67 phox -YFP-positive, 22.0% only positive for mCherry-p40PX, and 24.0% that did not accumulate either probe. Similar results were observed in PLB-985 cells expressing YFP-p47PRR and mCherryp40PX. This analysis supports the imaging studies of individual phagosomes (Figure 6, A and B; Supplementary Figure S4) , showing that the p67 phox -YFP and the p47PRR probes accumulate on phagosomes independent of the p40PX probe. We also observed that phagosome translocation of both p67 phox and p47PRR was wortmannin-resistant, whereas, as expected, p40PX phagosome membrane accumulation was wortmannin-sensitive (Figure 7, A and B) . Taken together with the videomicroscopy analysis (Figure 6 ), these results show that PI(3)P accumulation does not always correlate with assembly of p67 phox or its p47PRR probe on the phagosome, and thus PI(3)P does not appear to regulate access to the p67SH3b domain.
Because phagosome NADPH oxidase activity is markedly inhibited by wortmannin (Ellson et al., 2006a,b; Suh et al., 2006; Tian et al., 2008) , the failure of wortmannin to prevent phagosomal accumulation of the p47PRR probe suggests that this event is also independent of NADPH oxidase activity. To further test this, we pretreated PLB-985 granulocytes expressing p67
phox -YFP or YFP-p47PRR with the NADPH oxidase flavocytochrome inhibitor DPI (O'Donnell et al., 1993; Cross et al., 1994) before stimulation with IgGZym. As expected, superoxide production in phagosomes was profoundly inhibited when PLB-985 granulocytes were pretreated with DPI ( Figure 7C ). However, the phagosomal translocation of both p67
phox -YFP and YFP-p47PRR in DPIpretreated cells ( Figure 7D , phagosomes p and q) was similar to non-DPI-treated cells (Figure 3) , indicating that the dissociation of the p47 phox /p67 phox tail-to-tail is not a consequence of NADPH oxidase activity. 
Access of p47PRR to the SH3b Domain of p67
phox Does Not Correlate with Termination of Oxidase Activity The accessibility of SH3b domain of p67 phox to the p47PRR probe after phagosome sealing is consistent with the dissociation of the tail-to-tail interaction between p47 phox and p67 phox . We examined whether this correlates with cessation of NADPH oxidase activity. To monitor the time course of oxidant production within individual phagosomes, PLB-985 granulocytes were stimulated with BSA immune complexes covalently labeled with dichlorodihydrofluorescein (H 2 DCF; Fc OxyBURST Green), which are taken up by Fc␥R receptors (Ryan et al., 1990) . NADPH oxidase activation results in the oxidation of nonfluorescent H 2 DCF to green fluorescent DCF (Ryan et al., 1990) . To facilitate visualization of cells during fluorescence videomicroscopy, we used PLB-985 cells expressing mCherry-tagged p40PX, which gives a brighter signal on phagosomes than mCherry-p47PRR (Figures 5B and 6D) . Phagocytosis of Fc OxyBURST particles was recorded with 568-and 488-nm excitation to monitor fluorescence of each probe, respectively. mCherry-p40PX accumulated on Fc OxyBURST phagosomes after internalization, as expected ( Figure 8A) . A faint green fluorescent phox -YFP or YFPp47PRR were pretreated with 10 M DPI at 37°C for 15 min, followed with synchronized phagocytosis as described in Materials and Methods. NADPH oxidase activity was measured in the presence of luminal, SOD, and catalase. Results are expressed as total relative light unit (RLU) values more than 45 min, measured at 1-min intervals. (C) Values represent the mean Ϯ SD of triplicate determinations. Live image was monitored using confocal microscopy as described in Figure 3A . (D) Arrows indicate presealing (newly forming phagosomes) and letters o and p indicates internalized phagosome. Time-lapse confocal microscopy was used as described in Figure 3A . Bar, 5 m. X. J. Li et al. signal was detected upon initial binding of Fc OxyBURST to cells, indicating that superoxide production begins before sealing. Fc OxyBURST fluorescence became progressively brighter after phagosomal closure and increased over at least the next 5 min (Figure 8, A and B) , indicating that superoxide production continues for many minutes after the time at which YFPp47PRR first appears on IgG-Zym phagosomes (61 Ϯ 20 s after closure, Figure 3C ). This result indicates that the tail-to-tail dissociation of p47 phox /p67 phox does not correlate with cessation of NADPH oxidase activity within phagosomes.
To confirm that oxidant production increases within Fc OxyBURST phagosomes and is sustained after their internalization, we monitored the kinetics of Fc OxyBURST-stimulated NADPH oxidase activity in mCherry-p40PX PLB-985 neutrophils using luminol-enhanced chemiluminescence to detect oxidant production (Dahlgren and Karlsson, 1999) . To synchronously activate the cells, Fc OxyBURST was bound to PLB-985 neutrophils at 4°C, and cells then activated by the addition of prewarmed media containing luminol. This luminol-enhanced chemiluminescence was largely resistant to SOD and catalase ( Figure 8C ), consistent with detection of oxidants produced within phagosomes, and rapidly increased after 3-4 min to peak at Ϸ10 min, followed by a gradual decline ( Figure 8C ). No signal was detected from X-CGD PLB-985 cells (not shown), verifying that Fc Oxy-BURST-induced chemiluminescence reflects NADPH oxidase activity. Note that because cells were initially at 4°C for synchronization of phagocytosis, the increase in Fc Oxy-BURST-stimulated oxidant production in the first few minutes was somewhat delayed compared with cells maintained at 37°C as in the imaging studies ( Figure 8A ) or in a nonsynchronized chemiluminescence assay ( Figure 8C, inset) . The relative intensity of DCF fluorescence in five phagosomes from three independent experiments was analyzed with Image J software. The intensity of DCF was considered as 1.0 at the time at which mCherry-p40PX first appeared on internalized phagosomes and is shown over time (s) after the appearance of the mCherry-p40PX probe. (C) Phagosome superoxide production induced by Fc OxyBURST was measured for 46 min by chemiluminescence in the presence of 20 M luminol, with or without SOD and catalase. The inset shows the intracellular phagosome superoxide production measured for 46 min in PLB-985 cells expressing mCherry-p40PX, using nonsynchronized (as described in Figure 2D ) or synchronized phagocytosis method, as indicated.
DISCUSSION
In this study, we examined phagocytosis-induced NADPH oxidase assembly and explored the dynamics of a tail-to-tail interaction between the NADPH oxidase subunits p47 phox and p67
phox that is crucial for recruitment of p67 phox in neutrophils to activate flavocytochrome b 558 . The C-terminal SH3b domain of p67 phox binds to the proline-rich C-terminus of the p47 phox , which contains both a core PxxP motif and an adjacent "extra-PRR" region that each contribute to a highaffinity interaction between these two subunits (Finan et al., 1994; Leto et al., 1994; Leusen et al., 1995; de Mendez et al., 1996; Morozov et al., 1998; Kami et al., 2002; Lapouge et al., 2002; Massenet et al., 2005; Mizuki et al., 2005) . Using confocal videomicroscopy of PLB-985 neutrophils ingesting IgG-opsonized zymosan particles, we showed that a YFPtagged protein corresponding to the C-terminus of p47 phox , YFP-p47PRR, appeared on phagosomes Ϸ60 s after sealing and internalization. This lagged the appearance of p67 phox -YFP, which first accumulated on the cup of newly formed phagosome as previously shown van Bruggen et al., 2004) and of PI(3)P, which was detected shortly after internalization. The delayed translocation of YFP-p47PRR is consistent with a scenario in which the SH3b domain of p67 phox is masked by an intermolecular interaction with the tail of p47 phox during the initial phases of oxidase assembly on the phagosome, but becomes accessible after phagosome internalization and recruits the YFPp47PRR probe. Interestingly, the p67 phox /p47 phox tail-to-tail interaction may be acquired as an early priming event before translocation of the cytosolic phox complex to the NADPH oxidase flavocytochrome b (Brown et al., 2003) . The current study suggests that this tail-to-tail interaction is dispensed with after the assembly of the NADPH oxidase on phagosomes.
That the SH3b domain of p67 phox is the target of the p47PRR probe is supported by a variety of findings. The interaction between these two domains is mediated both by the core PxxP sequence in p47 phox and by amino acids just downstream of this PxxP motif, which leads to high affinity and specificity for the p67 phox SH3b domain (Kami et al., 2002; Lapouge et al., 2002; Li, 2005; Massenet et al., 2005; Mizuki et al., 2005) . Importantly, we saw no translocation for p47PRR derivatives harboring mutations in either the core PxxP motif or the adjacent extra-PRR region, providing very strong support that this probe targets p67 phox . Additional evidence supporting the specificity of the p47PRR probe for p67 phox includes faithful colocalization of p67 phox and the p47PRR on phagosomes in experiments using different fluorescent labels to tag each protein and the dependence of both p67 phox and p47PRR on flavocytochrome b for membrane translocation. Finally, an alternative potential target for YFP-p47PRR is the SH3 domain of p40 phox , which also exhibits binding to the C-terminal PRR region of p47 phox , albeit with Ϸ250-fold less affinity than for the SH3b domain of p67 phox (Massenet et al., 2005) . However, the p47PRR probe still accumulated on phagosomes in p40 phox knockdown cells, consistent with the assignment of p67 phox SH3b as the target of p47PRR.
The events that regulate the dissociation of the tail-to-tail interaction between p47 phox and p67 phox , leading to accessibility of the p67 phox SH3 domain to the p47PRR probe, remain to be clarified. The accumulation of the p47PRR probe temporally followed the appearance of PI(3)P on internalized phagosomes, which binds to the p40 phox subunit to stimulate phagosomal enzyme activity (Ellson et al., 2006a,b; Suh et al., 2006; Tian et al., 2008) . However, PI(3)P or other interactions within the NADPH oxidase complex are dynamic and are modulated after its assembly on the phagosome. A YFP-tagged C-terminus of p47 phox is a promising probe for monitoring status of the tail-to-tail interaction between p47 phox and p67 phox . The SH3b domain of p67 phox becomes accessible to this probe after phagosome internalization after, although not dependent on, the accumulation of PI(3)P on the phagosome membrane. The molecular mechanism of the p47 phox /p67 phox tail-to-tail dissociation is under investigation in our laboratory, which may help us to better understand the inter-and intramolecular rearrangements of oxidase complex that regulate NADPH oxidase activity during phagocytosis.
